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Description 

BACKGROUND OF THE INVE^mON 

The present invention relates to a secondary lithium 
battery. More specif icaliy. this invention rdates to a sec- 
ondary lithium battery in which metaiDc lithium deposits 
and dissolves at its negative electrode in charging and 
discharging. 

With development of such portable appliaiKes as 
personal computer and ceflular phone, the demand for 
batteries as their power source has risen very greatly in 
recent years. A high degree of energy density can be 
expected from the lithium battery because fithlum is an 
element with a small atomic weight arti a high ionization 
energy For this reason, there is a mounting call for lith- 
ium batteries as power source for portable appliances, 
espedally a rechargeable secondary lithium battery, 
and researches have been conducted actively in many 
quarters. 

In such lithium batteries, metallic lithium, lithium 
afloys and lithium intercalation materials are used as 
negative electrode active materials. Some small-sized 
secondary lithium batteries called the coin type or tjut- 
ton type are rrarketed which use metallic lithium or lith- 
ium ailoy ^ a negative electrode active material. In the 
secondary lithium batteries of the cyfindrical and other 
types used as main power sources for portable appli- 
ances, on the other hand, cartoon materials, mainly lith- 
ium intercalation materials, are used as negative 
electrode active materials. 

Of the above-mentioned three negative electrode 
active materials used in the lithium battery, metallic lith- 
ium Is the highest in theoretical capacity density at 
3,862 mAh/g. It Is possible, therefore, to make up a sec- 
ondary lithium battery with a high energy density by 
turning the dissolution-deposition reaction of m^lic 
lithium into an electrochemical reaction at the neoath^e 
electrode. 

The problem with the lithium battery with metallic 
lithium as a negative electrode active material is, how- 
ever, that metallic lithium tencte to grow in the form of 
dendrite, and a lithium alloy or lithium intercalation 
material has to be used depending on the fomi and use 
of lithium battery 

Dendrite grows when electric current concentrates 
on metallic lithium where lithium tends to deposit in 
charging wrth a large current flow. Where current con- 
centrates, lithium deposits and grows in the fbrni of den- 
drite. The growing dendrite then penetrates the 
separator layer in time and comes in contact with the 
positive electrode, causing an internal short-circuit 

BRIEF SUMMARY OF THE INVENTION 

It is an ol)jecl of the present invention to provide a 
secondary lithium battery that can achieve a high 
energy density by solving the above-mentioned problem 



of dendrite formation and employing the dissolution, 
deposition reaction of lithium metal as electrochentical 
reactfon at the negative electrode. 

""^^ present invention provkles a secondary lithium 
s battery conprising a lithium ion conductive electrolyte 
and positive and negative electrodes in contact there- 
with, wherein the negative electrode comprises a first 
electrode component where the deposition^issolution 
reaction of lithium metal takes place during charge-die- 
10 *erge at the negative electrode and a second elec- 
frode conponem to prevent mum metal from daxJritic 



4-^^^ P'efefred mode ol the present invention, the 
tirst elertnxJe (anponent is conprised of an electronic 
IS conduclivB material and the second electrode conpo- 
nentrs comprised of a material having eleclronic-ionie 
imxed conduction or sendconduction for electron. 

In anolher preferred mode of the present invention, 
the second electrode component Is tbrmed on the first 

20 electrode component 

In still another prefen^ed mode of the present inven- 
ton. the second electrode component is comprised of a 
material having electronic-ionie mixed conduction and 
the eledronic conductivity thereof is lower than the ionic 

« conductivity of the lithium ion conducive electrolyte 
preferably lower than or equal to 5 xio-^s/cm. - ' 
'n another prefened mode 0* the present hvenBon. 
the second electrode conponent Is conprised of a 
nwtenal having electronic^ic mixed conduction and 

30 the transport number of electron in the second elec- 
trode component is smaller than that of lithium ion. 

Als<^ used in the secoiwl electrode conponerit are 
matenais which show an oxidising reaction on lithium 
metal. StiU another suitable material as the second eiec- 

35 trode component is the Wnd of material of which the 
equilibnum potential with no IHhium metal present at the 
negaBvB electrode is more positive than 50 mV vs. 

WhOe the novel features of the invention are set 
« fo^iarticulariy in the appended claims, the invention, 
both as to organizatian and content, will be better 
understood and appreciated, along with other otnects 
and features thereof, from the following detaBed 
description tal«n in cor^unction with the drawings. 

45 

^^EF DESCmPTION OF THE SEVERAL VIEWS OF 

Fig. 1 are diagrams schematically showing the 
so potential in charging at the negative electrode of sec- 
ondary lithium batteries according to the present inven- 
tion. 

Rg. 2 are diagrams schematically showing the 
process of metaflic lithium being deposited on a metal 
55 electrode and a semiconductor electrode. 

Rg- 3 is a schematic drawing showing the mecha- 
nism of lithium being kept from growing into dendrite 
according to the present invention. 
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Rg. 4 is potential diagrams schematically showing 
the mechanism of lithium t>eing kept from growing into 
dendrite according to the present invention. 

FHg. 5 is a vertical cross sectional view of a second- 
ary lithium battery in an embodiment of ttie present 
invention. 

Fig. 6 Is the charge^ischarge curves of a second- 
ary lithium battery In an embodiment of the present 

invention. 

Fig. 7 shows charge<lischarge cyde characteris- 
tics of a secondary littilum battery in an embedment of 
the present invention. 

Fig. 8 is the charge-discharge curves of the sec- 
ondary lithium battery of tiie comparative exampla 

Fig. 9 shows charge<llscharge cyde characteris- 
tics of ttie secondary lithium battery of the comparative 
exampla 

Fig. 10 is a vertical aoss sectional view of a sec- 
ondary Gthtum battery In anottier embodiment of tiie 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention Is based on a discovery tiiat 
materials such as UxTlOg and U^WOg in ttie negative 
electrode prevent deposition of littiium from dendritic 
growtti. According to tiiis effect, employing of the disso- 
lution-deposition reaction of littiium metal as electrode 
reaction at the negative electrode mal«s it possible to 
construct a secondary littilum battery witti a high enerov 
density. ^'^ 

The inventors surmise tfiat ttie reason why tiie use 
of such materials as UxTiOg and U^WQa in ttie negative 
electrode prevent dendritic formation Is one of ttie Ibl- 
lowing ttiree eff^ of those materials or ttteir synergis- 
tic effect By ttie three actions, it is understood ttiat such 
materials as UyTlOg and UxWQs have: 

(1) Electronic-ionic mixed conduction, 

(2) Semiconductor-like property and 

(3) Local oxidation of litNum metal. 

The mechanism of keeping down the growtti of den- 
drite by those actions are hereinafter described. 

As described later in ttie embodiments and else- 
where, the negative' electrode off ttie secondary battery 
according to ttie present invention is composed of a first 
elecfrode component for metallic litiiium to dissolve and 
deposit namely a negative electrode current collector 
or an electrode separately provided on ttie negative 
electrode cun^ent cpllector and such materials as 
UxTiO^ and UJiNO^ to keep down the growtti of den- 
drite. Hereinafter, such materials as LixTiOg and 
U^WOa to keep down the growtti of dendrite shall be 
called second electrode component 

It shouM be noted that the first and ttie second elec- 
trode components can be made up into a mixed form, 
but for simplicity's sake, an arrangement witti ttie sec- 



ond electrode component placed on ttie firet electrode 
component is described hereinafter. 

(1) Eectronic-ionic mixed conduction 

Littilum ions in ttie electrolyte are rendered in a sol- 
vated state by ttie organic solvent used in tiie electro- 
lyte. Even if such fittiium Ions are reduced and 
deposited as metallic littilum, ttie organic solvent mde- 
10 cules are finnly adsorbed on ttie surface of ttie littiium 
metal. Therefore, when metalfic littiium deposits contin- 
uously on ttie electrode, ttie deposition concentrates at 
an active site on tfie electrode where ttie organfc solvent 
IS less adsoibed, resulting in a dendrite growing. 
IS On ttie ottier hand, such materials as U^TlOg and 
UxWQa show electron-litfiium ion mixed conduction. If 
ttiose materials as second elecfrode components are 
provkJed on the f irst elecfrode conriponent where metal- 
lic littiium deposition takes place, ttie littiium ions migrat- 
so ing in such sdkjs as UxTlOa and U^WOa are reduced 
on ttie first elecfrode component, depositing metallic 
littilum. The littiium ions ttiat migrate in the soM like ttiat 
are not solvated witti ttie organic sdvent. and as a result 
ttie mdecules of ttie organic sdvent are haidly 
25 adsorbed on ttie Interface between ttie first and ttie sec- 
ond elecfrode components. By providing an decfronic- 
lonlc mixed condudlve second decfrode component it 
IS possible to make up a secondary littilum battery witti 
ttie growtti of a metallic littiium dendrite kept down. 
30 Such a phenomenon of conoenfrated deposition of . 
mefallic littilum as mentioned above are also liable to be 
caused bf an uneven electric double layer. 

In charging ttie secondary littiium battery, the litti- 
ium Ions In ttie Hdmhdtz layer on ttie decfrode surface 
35 are reduced and deposited as melairic littiium. To 
deposit metallic littiium not in ttie fbmi of dendrite but 
evenly, ttierelbre. It Is necessary to keep ttie Hdmholtz 
layer unifomi during charging the battery As metallic 
littilum is deposited, ttie lithium ion concenfration in ttie 
40 Helmholtz layer falls, witti littiium ions diffusing into it 
from ttie offing in ttie dedrdyta The result Is ttiat ttiere 
arises a concenfration gradient of littilum ion inside ttie 
electeolyta Since, however, ttie littiium ion concentra- 
tion is relatively low in ttie decfrdyte generdly used in 
45 ttie secondary littiium battery, ttie double layer where 
ttiere arises ttiat littiium ion concenfration gradient will 
spread wkldy from ttie dectrode suriace toward ttie off- 
ing. 

As a result ttie diffusing doiAAe layer strudure is 
so subject te) be effected by ttie form d ttie negative dec- 
frode a the separator and ttie positive elecfrode 
present inside ttie battery, and in case a disfributibn in 
ttie density of dectric current flowing in ttie decfrdyte 
becomes nonhomogeneous, mefallk; littiium will be 

55 deposited in the font! of dendrite in ttie area where elec- 
frlc current concenfrates. 

In the elecfronic-ionic mixed conductor, on ttie ottier 
hand, littiium ions are present in a high concentration 
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and this diffising double layer gets thin, which wiD ke^ 
down ajch a concentration of electric cinrent and a dep- 
osition off m^allic lithium in the ffcirm off dendrite as in the 
aboveHfnentioned case. 

It is desired that the electronic conductivrty of the s 
second electrode component is lower than the ionic 
conductivity off the lithium ion conductive electrolyte 
used in the battery. The potential dagram in the first and 
the second electrode components in such a case is 
shown schematically in Rg. 1 (a). If the electronic con- 10 
ductivily of the second electrode component is lower 
than the ionic conductivity of the lithium ion conductive 
electrolyte, the potential gradient in the second elec- 
trode wiQ be higher than that in the electrolyta As a 
result, even when the negative electrode shows a is 
potential Vpeg.. therefore, the scope of lithium ion reduc- 
tion is limited to the area A as indicated in Rg. 1 (a), with 
the deposition of metaOic lithium confined to this area. In 
case the electronic conductivity of the second electrode 
component is very high, on the other hand, metallic Bth- 20 
lum can deposit in the area B indicated in Rg. 1 (b) or 
the interface between the second electrode areJ the 
electrolyte, and the metallic lithium deposited on the 
surface C of the second electrode component takes the 
form off dendrite. 25 

For this reason, it is preferable that the electronic 
conductivity of the second eledrode component shouU 
be lower than the ionic conductivity of the lithium ion 
conductive electrolyte used in the battery, more specifi- 
cally not higher than 5 x lO ^s/cm. 30 

In case, in the second electrode component, the 
ionic conductivity Is inferior to the electronic conductiv- 
ity, electrons pass through the second electrode compo- 
nent before the fithium ions pass through the second 
electrode component and are reduced on the first elec- 35 
trode oonponent. thus creating a process in which the 
lithium ions are reduced on the surface C of the second 
electrode component. It is prefferaUe, therefore, that the 
transport number of lithium ion at the second electrode 
component is higher than the transport number of elec- 40 
tron, more preferably not lower than 5 times as high as 
the transport number of electron. 



(2) Semiconductor-like property 



45 



If the metal electrode is polarized to a more nega- 
tive potential tiian the metallic lithium potential In ttie 
lithium ion conductive electrolyte, then there will take 
place an electron transfer from the metal electrode to 
the electrolyte, with the metallk; lithium deposited on the so 
electrode. 

On the semiconductor electrode, on the other hand, 
even if the electrode is polarized to a more negative 
potential ttian the metallic lithium potential, the electron 
transfer is limited to from tiie conduction band to the 55 
electrolyte as shown in Rg. 2 (b) when the difference 
between the polarized potential and the metallic littiium 
potential is smaller than ttie difference between tiie 



potential at the top of the valence band (E^) and the 
Fenri energy (Ep). 

Only themial-exdted electrons are in tiie conduc- 
tion band, and the density off electrons with energy high 
enough to reduce lithium ions is low, therefore an elec- 
tron transfer as shown fri Rg. 2 (b) wfll hardly ever take 
placa That Is. lithium is hardly deposited on such a 
semiconduclor electrode and. therefore, metallic lithium 
is d^X)sited selectively on the first electrode conponent 
shown inRg. 1,ther€i>y the growth off dendrite can be 
kept down. 

To produce such an effffect, it is desirable ttiat tiie 
band gap size (Ec - E^) off tiie semiconductor-Oke elec- 
tronic conductive material used in tiie second electrode 
is not lower ttian 0.3 eV, more preferably not lower tfian 
lev. 

In case the band gap is too large, on the oUier 
hand, the electric conductivity off the second electrode 
component will be low, and the internal resistance of tiie 
secondary litfiium battery will be high. For tills reason, it 
is preferable ttiat ttie band gap of ttie material used in 
ttie second electrode component should be not higher 
ttian 5 eV, mae prefferably not higher ttian 3 eV. 

(3) Local oxidation off metalDc littiium 

If ttie second electrode component is a porous 
material, for example, ttie electrolyte will be fbund on 
ttie surface off ttie ffirst electrode component, toa If ttie 
battery is charged in such a condition, it will result In ttie 
electron transfer from ttie first electrode conponent to 
ttie electrolyte, ttius causing metallic littiium to deposit 
between ttie first and second elec^ode exponents 
concun-entiy. Sinde ttie metallic littiium ttius deposited is 
due to ttie reduction off littiium ions in the electrolyte, it is 
liable to take ttie form off dendrite. A dendrite growtti of 
metallic littiium on ttie ffrst electrode conponent is 
shown schematically in Rg. 3 (a). 

The relation of the density of intercalation state of 
littiium ions into such materials as LixTiOa and UJ^^ 
to ttie altered potential is generally represented in Rg. 4 
(a) where tiioee materials are represented by U^MeOy. 
Also, the electronic stiructure of such materials is shown 
on ttie right side In Rg. 4(b). As ttie dendrite of metallic 
littiium grows large and comes in contact witii ttie sec- 
ond electrode component as illustrated in Rg. 3 (a), 
electrons will transffer ffrom tiie metaflic littiium in ttie 
area in contact witti ttie second electrode conponent 
into ttie holes created by ttiemial excitation of electron 
from Band 1 to Band 2 (oxidizing process of metallic litti- 
ium). Along tfierewitti. ttie electrons ttiermal-exdted into 
Band 2 will migrate into ttie metallic littiium electrode. 

In ttiis process, ttie part of melaaic littiium that 
comes in contact witti ttie second electrode conponent 
as shown in Rg.3(b) is oxidized and dissolved, ttien 
redeposited on ttie other part of ttie deposited metallic 
littiium. As a result, ttie form of the deposited metallic 
littiium improves in flatness as illustrated in Rg, 3 (c). 
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As this process is repeated, the metallic Irthium 
deposited between the first and the second electrode 
components Increases in flatness and oompaclness. 
not growing into a dendrite. 

As described, there take place two reactions simul- s 
taneously in the negative etedrode according to the 
present invention: a reaction to coddize and dissolve 
metallic lithium and the other to reduce and deposit lith- 
ium ions. In describing the series of mechanisms above. 

thetemi-oxicfizingreaction-lsusedtodefinetheoxidis- 10 
ing and dissolving process of the part of metallic lithium 
in contact with the second electrode, and does not 
mean that the second electrode component actually oxl- 
dizes metallic lithium. That is to say. the reaction men- 
tioned here means that the equinbrium reaction rate 15 
between these oxidizing and dissohnng reaction and 
reducing and depositing reaction can be raised by pro- 
viding a second electrode componwrt in the negative 
electrode and that deposited metallic lithium can be 
made flat In the form more effectively. so 

To keep down the deposition of metallic lithium in 
the fam of dendrite such mechanism, it Is preferable 
that Et or the equilibrium potential with the second elec- 
trode layer showing the most negative potential as ^ as 
no metallic lithium present in the negative electrode is 2s 
positive as compared with the lithium electrode poten- 
tial, more preferably more positive then 50 mV vs. Li/Li* 

If a secondary lithium battery is to be made up 
which is free from growing a dendrite while the dissolu- 
tion-deposition reaction of metallic lithium Is employed 30 
as electrochemical reaction at the negative electrode, it 
is required that the second electrode conponent shows 
at least one of the albrementioned three actions. 

More preferably, the second electrode component 
used in the negative electrode shows more than one of as 
those actions, so that ttie synergistic effect can effec- 
tively keep down the deposition of IrttHum in the fbrm of 
dendrite. 

Those three actions have to be shown only when 
ttie second electrode component is polarized in ttie 40 
neighborhood of the fittilum electrode potential; ttiose 
actions are not required over a wide potential ranga 

Among the preferred materials to make up a sec- 
ond electrode component showing those actions are 
such transition metal oxides as titanium oxide, tungsten 45 
oxide, vanadium oxide; niobium oxide, molybdenum 
oxide and the like. Those transition metal oxkJes 
become lithium-transition metal complex oxides to act 
as electron-lithium ion mixed conductor as lithium ions 

aredopedinachargingreactionofthebattery. Alsattie so 
materials doped with littiium ions prior to fomiing a bat- 
tery can be used in ttie same way: ttie same effects can 
also be obtained with ttiose materials doped with 
sodium ions, potassium kvis or the like instead of lltti- 
ium ions. ^ 

Also, among tiie materials that show tfie same 
actions, transition metal-contained nitrides can be used. 

Simflar results can also be obtained witti such tran- 



sition metal sulfides as molybdenum disulfide, titanium 
disulfide and a variety of Chevrel phase conpounds 
instead of transition metaJ-contained oxkJes. Those 
transition metal sulfides show metalfic conduction as 
compared witti transition metal oxides; and therefore, 
more preferable are transition m^ coddes. 

Fbr similar reasons, transition metal-contained 
oxides are more preferably used than cartxwi materials 
such as graphite. 

LiuxMxri2.x(P04)3{M=AI, Sc Y, La etc.). Lios. 
3xREo.5+xTi03 (RE = rare earth elements such as lii 
Pr. Nkl and Sm) and ttie like are generally called littiium 
ion conductive solid electrolyta However, if batteries 
witti solid electrolytes containing ttiose transition metals 
as a second electrode component are charged, a reduc- 
tion reaction 

Ti**^T|3+ 

will occur, showing an electron-lithium ion mixed con- 
duction, and ttiose compounds, ttierefore. can be used 
as material for second electrode conponent as well. 

A number of littiium batteries witti ttie dissolving 
and deposition reaction of metallic littiium as electrode 
reaction at ttie negative electrode have been previously 
disclosed in which some techniques of providing a sec- 
ond electrode component are proposed to improve ttie 
cycle characteristics; for example, provision off a littiiufn 
tonic and electronic conductive coating layer on metalOc 
littiium (Japanese Laid-Open Patent Publication Hel 4- 
248276), provision of lithium-diffused porous carbon 
sheet on an aluminunvlittilum alloy layer (Japanese 
Laid-open Patent Publication Hei 4-162372) and provi- 
sion of a protective layer comprised mainly of carbon 
material over a metallic littiium sheet or a littiium alloy 
sheet (Japanese Laid-(Dpen Patent Publication Hei 4- 
229562). 

In ttie secondary littiium battery according to ttie 
present invention, any of those materials including 
metallic fithium and littiium alloy and ottier electtonic 
conductive materials can be used as material to make 
up a first electrode component of ttie negative electrode 
where ttie deposition and dissolving reaction of metalfic 
littiium takes place. 

The problem is. however, that ttie first electrode 
component is one on ttie surface of which metallic litti- 
ium deposits and dissolves, and If metalfic littiium is 
used as first electrode component, ttie first electrode 
component itself undergoes a deposition-dissolution 
reaction during charge^ischarge of tiie battery, result- 
ing a change in ttie surface configuration etc.; ttius it is 
difficult to obtain stable operating characteristics. 

Wrth a material liable to have an irreversible reac- 
tion witti metallic littiium. too, the initial charge-dis- 
charge efficiency wiD fall In case a metal liable to form 
an alloy witti lithium is used as material to make a first 
elech'ode component, ttierefore. it is necessary to use 
one wfth a high reversibility of electtochemical alloy- 
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forming reaction with rrthiuni Among the maleriate 
meeting this requirement are metaDic indium and metal- 
lic aluminum. Rrst electrode components m wNch those 
metals are used to form an alloy with lithium in the bat- 
tery, but ones alloyed In advance can also be used. 5 

To solve those problen^, furthermore, it is prefera- 
ble to use a first electrode conponent which is made of 
a material less likely to cause a deposition^issolutfon 
reaction by itself while the battery is In operatioa To be 
spedfic, preferable is that the material should be insolu- 10 
We in the electrolyte witWn the potential range at which 
the negative electrode is placed with the battery in oper- 
ation or the potential range more negative than 1 V vs. 
Li/U'' at least. 

Among the especially preferred such materials the is 
constituents of which are not prone to a dissolution-dep- 
osition reaction and. furthermore, an in-eveisible reac- 
tion with metallic lithium are metaiOc copper, nickel, 
tungsten, iron and ion-based alloys including stainless 

me carbon material is also preferably used, 
because its reaction is high in reversibility and also 
because carbon is hard to dissolve and deposit though 
it fonns an interlayer compound with lithium. 

To keep down the above-mentioned deposition of 25 
metallic lithium in the form of demlrite, it is preferable 
that a second electrode component is formed on a first 
electrode component 

However, it is possible to make up a negative elec- 
trode with the first and second electrode component so 
materials mixed together. It is sb'll preferable that a sec- 
ond electrode component is fomied on the layer of the 
mixture of the first and second electrode component 
materials. That increases the first electrode area where 
metallic lithium is deposited and can effectively ke^ as 
down the deposition of metallic lithium in the form of 
dendrite, because the first electrode conponent is not 
exposed in the electrolyte. 

ft is also preferable that the materials used as sec- 
ond electrode component are in the form of powder with 40 
a surfoce area of not smaller than 50 m^/g. Such a high 
surface area can shorten the diffusing length of lithium 
ions in the second electrode conponait material, rais- 
ing the operating cun-ent of the battery 

Now. the present invention will be further described 4s 
in detail with embodiments. 

Embodiment 1 

In this embodiment, a secondary lithium battery so 
was made up using a HtMunrwloped titanium oxkle 
(UxTiOa) as an electronic-Ionic mixed conductor. The 
details are hereinafter descrfoed. 

Rrst a negative electrode was prepared in the fol- 
lowing manner. 

A titanium oxide of the anatase type was used. This 
titanium oxide and a binder polyvinylidene fluoride 
(hereinafter refenred to as PVDF) were blended in a mix- 



ing ratio of 95:5 by welg^ in N-methyl-a-pyroDadone 
(hereinafter referred to as NMP). More NMP was ttien 
added to aiqust the vtecoslty to prepare a slurry contain- 
tng tilanium oxide and PVDF. 

A copper fofl was used as afost electrode compo- 
nent (current collector) . Over this copper fbfl was coated 
the aforementioned slurry by doctor bf»ie technique, 
which was tiien dried in hot air at 80*C and then rolled 
Thus, a second electrode component corrprised mainly 
of the electronic-ionic mixed conductor titanium oxkie 
was fomied on the first electrode conponert. A disk 
16.5 mm In diameter punched out from the electrode 
was used as a negative electrode for the secondary lith- 
ium battery 

In the present embocfiment it is noted, a thtekness 
of the second electrode composed off titanium oxkJe 
was approximately 100 pm. 

Titanium oxide is a semkxjnductor with a wide band 
gap. but in ttie secondary lithium battery of the present 
embodiment titanium oxide shows electronic conduc- 
tion through a reaction for lithium ions to be doped in 
titanium oxide and acts as etectronic-ionfo mixed con- 
aucta. tiie reaction represented by fonnula (1). 



Ti02 + xU* + xe-->LjxTi02 



(1) 

As an active material for tiie positive electrode. 
UC0O2 was used which had been obtained In ttie fol- 
lowing we^. 

The starting materials used were UgCX^g and 
Cc^04. These U2CO3 and C03O4 were mixed in a mole 
ratio off 3 : 2: this mixture was tfien placed in an alumina 
cnjciWe and heated for 24 hours at 750»C to oroduce 
UC0O2. f*ouuco 

The synttiesized UC0O2 was blended with 5 per- 
cent, by weight, of polytetrafluoroettrylene (PTFE) as a 
binder and 5 percent by weight of "Ketahen Black" as a 
conductive material. Then. 40 mg of ttiis mixture was 
filled into a current collector made off a stainless steel 
mesh punched into a disk 16 mm In diameter to Ibrm a 
positive electrode. 

The littTium ton conductive electrolyte was prepared 
by dissolving, to a concentration of 1 .0 M. lithium phos- 
phorous hexafluoride (UPFg) in a mixed solvent pre- 
pared by mixing propylene carbonate (PC) and 
dimetfioxyetiiane in a volume ratio of 1 : 1. 

A secondary lithium battery was fabricated using 
ttiese positive electrode, negative electrode and electro- 
lyte and a polypropylene porous ffflm witti a ttiickness of 
50 pm as a separator. 

The negative electrode was made of a copper foil 1 
as a first electrode component and a second electrode 
layer 2 comprised mainly of titanium oxxie. This nega- 
tive electrode, separator 3. positive electrode 4 with a 
stainless mesh to serve as a current collector and to 
hold ttie positive electrode, and the electrolyte were 
sealed In a stainless steel battery case 6 witti a stain- 
less steel sealing plate 7 provided witti a gasket 8 on ttie 
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periphery. 

The lithium battery thus obtained was sutsjected to 
a charge^fecharge cyde test at a constant cun-ent of 5 
mA within a voltage range between 3.0 V and 4.2 V. Fig. 
6 shows the charge-discharge curve of this lithium bat- 
tery. Rg. 7 shows the change with cycles in the dte- 
charge capacity. 

These results showed that the battery according to 
the present inventton shows good cycling peribmiance 
with fittle degradation obsen^ed in discharge capacity 
with chargeKiischarge cycles. The operating voltage of 
this battery is approximately 4 V. and the potential at the 
negative electrode of this battery seems about the same 
as the lithium electrode potential, which indcates that 
the reaction at the negative electrode of the battery dur- 
ing charging and discharging is a deposition-dissolution 
reaction of metallic lithium. 

In Rg. 6, however, the charge curves were found 
not to be flat at the beginning of the charging. In that 
segment it is considered that there took place a reac- 
tion for lithium ions to be doped in titanium oxide, the 
reaction represented by formula (1). There was also 
obsenred a segment not flat in vohage. the explanation 
for which it is thought is that a reaction just opposite to 
the above-mentioned took place. 

After charging, the above-mentioned battery was 
disassembled, and the cross section of the negative 
electrode was examined under the scanning electron 
microscope. The results showed that metallic lithium 
had deposited only between the second and first elec- 
trode components of the negative electrode and that the 
deposition was not in the forni of dendrite but high In 
compactness and flatness. 

As has been observed. It was found thai a second- 
ary lithium battery can be obtained according to the 
present inventton which does not cause metallic lithium 
to grow in the form of dendrite though the electrode 
reaction at the negative electrode is depositkin-dissolu- 
tion reactton of lithium metal. 

Comparative Example 1 

In this comparative example, a secondary lithium 
battery was made up without using the electrode com- 
prised mainly of lithium-doped titanium oxMe whteh had 
been used as the electronic-ionic mixed conductor In 
Embodiment 1. The details are descrtoed hereinafter. 

The same copper foil as in Embodiment 1 was used 
in the first electrode corrponent of the negative elec- 
trode. But the negative electrode was made up without 
forming a second electrode component conprised 
mainly of titanium oxide thereon. 

Except that this negative electrode was used, a 
secondary lithium battery was fabricated in the same 
manner as in Embodiment 1 and the charge-discharge 
behavior was examined. 

The charg&ifischarge curves obtained are shown 
in Rg. 8. and the change with charge-discharge cycles 



in the discharge capacity is shown in Rg. 9. 

The results showed that this battery was not higher 
than 90 percent in the charge-discharge efficiency (ralw 
of the quantity of electricity discharged to the quantity of 
electricity charged) in charge<Iischarge cycles and that 
a significant drop was djserved with charge-discharge 
cycles in the quantity of electricity discharged. 

After charging, the above-mentioned battery was 
disassembled, and when the cross section of the nega- 
tive electrode was examined under SEM, a deposition 
of metallk: Gthhim in the fbrm of dendrfte was found on 
ttie copper fbil. 

It is consWered from those results that In the sec- 
ondary lithium battery of the present conparative exam- 
ple, lithium is deposited In the fomfi of dendrite in 
charging and this lithium in the form of dendrite can not 
discharge completely, which is the cause for the drop in 
ttie characteristics of the battery with charge<lischafge 
cydes. 

Embodiment 2 

Except that littiium-doped tungsten oxide (LixWOa) 
was used as an electronic-ionic mixed conductor, a sec- 
ondary lithium battery was made up in the same man- 
ner as In Embodiment 1 and its characteristics were 
examined. The details are descrbed hereinafter. 

The negative electrode for the secondary lithium 
battery in the present embodiment was made in the 
same manner as in Embodiment 1 except that tungsten 
oxide was used instead of titanium oxkle used in 
Entediment 1 . 

Except that this negative electrode was used, a 
secondary lithium battery was made up in the same 
manner as in Embodiment 1 and Its charge^scharge 
behavior was examined. 

These results showed that the battery according to 
ttie present invention Is high in charge-<fischarge cyde 
characteristics wfth IHUe changes obsen^ed in discharge 
capacity with chargoKJischarge cycles. The operating 
voltage of this battery is approximately 4 V, and the 
potential at the negative electrode of this battery is 
about ttie same as ttie littiium electrode potential, which 
indicates tiiat ttie reaction at ttie negative electrode of 
ttie battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic littiium. 

In ttie charge-discharge curves, however, ttiere was 
a change in shape in ttie segments not flat in ttie initial 
and final stages which was considered to correspond to 
the doping reaction and ttie de^Joping reaction of lith- 
ium ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1. That is, 
it is thought because ttiere occurred a doping reactiori 
of littiium ions into tungsten oxide represented by fbr- 
mula (2) instead of ttie doping reaction of littiium tons 
Into titanium oxkle r^esented by formula (1). 

W03 + xU* + xB-^UxW03 (2) 
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After charging, the above-mentioned battery was 
dsassemWed. and the cross section of the negative 
electrode was examined under SEM. The results 
showed that metalRc lithium had deposited only 

between the second and first electrode conponents of 
the negative electrode and that the deposition was not 
in the fomi of dendrite but high in compactness and flat- 
ness. 

As has been observed, rt was found that a second- 
ary lithium battery can be obtained according to the 
present invention which does not cause metalBc Gthium 
to grow in ttie form of dendrite ttiough the deposition- 
dissolution reaction of metalUc frthium is utaized as reac- 
tion at ttie negative eiectroda 

Embodiments 

Except ttiat litfiium<joped vanadium oxide 
(LixVaOs) was used as an electronic-ionic mixed con- 
ductor, a secondary Hthium battery was produced In ttie 
same manner as In Embodiment 1 and its characteris- 
tics were examined. 

The negative electrode for the secondary littilum 
battery in ttie present embodiment was made in ttte 
same manner as in Embocfiment 1 except ttiat vana- 
dium oxide was used instead of titanium oxide used in 
Embodiment 1. 

Except ttiat ttiis negative electrode was ised. a 
secondary frthfum battery was produced in ttie same 
manner as in Embodiment 1 and its chargeKfischarge 
behavior was examined. 

These results showed ttiat ttie battery according to 
ttie present invention Is high in charge<lischarge cyde 
characteristics witti littf e changes obsen^ed in discharge 
capadty witti charge<fischarge cydes. The operating 
voltage of ttiis battery is approximately 4 V, and ttie 
potential at ttie negative ^ectrode off ttiis battery is 
about ttie same as ttie littilum elecbode potential, whidi 
indicates ttiat the reaction at ttie negative electrode of 
the battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic lithium. 

In ttie charge<iischarge curves, however, tinere was 
a change in shape In ttie segments not flat in ttie initial 
and final stages which was considered to correspond to 
the doping reaction and ttie de^foping reaction of litti- 
lum ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1. That is. 
it IS ttwught. because there occurred a doping reaction 
of Irthium ions Into vanadium oxide represented by for- 
mula (3) instead of ttie doping reaction of littiium ions 
into titanium oxide represented by fomiula (1). 

V2O5 + xU+ + xe- ^ UxVaOs (3) 

After charging, ttie above-mentioned battery was 
disassembled, and ttie cross section of ttie negative 
electrode was examined under ttie scanning electron 
microscope (SEM). The results showed ttiat metallic 
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Irthium had deposited only between ttie second and first 
^!!^!.'*"^^ °* electrode and 

ttim ttie deposition was not in ttie fomi of dendrite but 
h^ m compactness and flatnesa As has been 
observedJt^M 

an be obtained according to ttie present invention 
whidt does not cause metallic littiium to grow in ttie 
fomi off dendrite ttiough ttie deposition^fissolution reac^ 
tion of metalOc littilum is utilized as reaction at ttie neo- 
ativeelecttoda ""oneg- 

Embocfiment4 

Except ttiat an electrochemically reduced Btfiium 
[on conductiwB solid electrolyte represented by 
Ui.3Alo.3Tli7(P04)3 was used as an electronic^ionlc 
mixed a)nduclor. a secondary littiium battery was made 
m the same manner as in Embocfiment 1 and its 
Characteristics were examined. 

The littiium ion conductive solid electrolyte reore- 
sert€dbyUi.3Alo.3Ti,.7(P04)3wassynttiesizedbyl^^ 
ing Ltiiium carbonate (LigCOa) and aluminum oxide 
(A^, trtanium oxide (TiOg). and ammonium hydro- 
Oeryhosphate ((NH4)aHP04) in a mole ratio of 065 ■ 
0^5^ 1.7 : 3. and ttien heating in ttie atmosphere at 

Except ttiat Ui.3Alo^Tl^j(P04)3 ttus obtained was 
used instead of titanium oxide used in Embodiment 1 
the negative electrode for ttie secondary littiium batteoJ 
in ttie present embodiment was made in ttie same man- 
neras in Embodiment 1. 

Except ttiat ttiis negative electrode was used a 
secondary littiium battery was produced in ttie sa^e 
manner as in Embodiment 1 and its chargeKJischarae 
behavior was examined. 

"n^ese results showed ttiat the battery according to 
ttie present invention is high in charge^Jischarge cyde 
diaracteristics witti little changes observed in disdiame 
^n?jn. cyclea The operating 

J^l! ^"^^ Wfoximately 4 V. and ttie 
potential at ttie negative electrode of ttiis battery is 
about ttie same as ttie fittiium electrode potential, which 
indicates that ttie reaction at ttie negative electrode of 
ttie battery during diarging and disdiarging is a deoosl- 
ton-dissolution reaction of metallic littiium. 

In tile charge<fischarge cunres. however, ttiere was 
a change In shape in ttie segments not flat in ttie initial 
and final stages whidi was considered to correspond to 
the doping reaction and ttie de<ioping reaction of litti- 
ium ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1. That is 
rt isttiought because tfiere occurred an eledrochemicai 
reduang reaction of littiium ion conductive solid electro- 
lyte represented by U,,3Alo.3Tii.7(P04)3 instead of ttie 
aoping reaction of littiium ions into titanium oxide raire- 
sented by formula (1). ^ 

When the battery was disassembled after it was 
charged, it was found that ttie electrode layer formed by 
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LiuAlo.3Ti,j(P04)3 turned black, indicating that 
Lii.3Alo,3Tii.7(P043 changes from a non-electronic 
conductive solid electrolyte to an electronicnonic mixed 
conductor as It is reduced electrochemicalty. 

After charging, the akxive-mentioned t>attery was 
disasseml3led, and the cross section of the negative 
eiedrode was examined under SEM. The results 
showed that metallic Irthlum had deposited only 
between the second and frst electrode components of 
the negative electrode and that the deposition was not 
in the form of dendrite but high in compactness and flat- 
ness. 

As has been observed, it was found that a second- 
ary lithium battery can be obtained according to the 
present invention which does not cause metallic lithium 
to grow in the form of dendrite though the depositfon- 
dlssolution reaction of metalBc lithium is utilized as reac- 
tion at the negative electrode. 

EnrtbodimentS 

Except that an electrochemically reduced lithium 
ion conductive solid electrolyte represented by 
L<o.5Lao.5^0& was used as an electronic-Ionic mixed 
conductor, a secondary lithium battery was made up in 
the same manner as In Embodiment 1 and its character- 
istics were examined. 

The lithium ion conductive solid electrolyte repre- 
sented by Uo.sUio.s'nQs was synthesized by mixing lith- 
ium carbonate (U2CO3) and larthanum oxide (LagQa) 
and titanium oxide CTi02) in a mole ratio of 0.25 : 0.25 : 
1 . and then heating In the atmosphere at 1 ,200"C. 

The negative electrode for ttie secondary lithium 
battery in the present embodiment was made In the 
same manner as in Embodiment 1 except that 
LJo.5t-ao.5T103 thus obtained was used instead of tita- 
nium oxide used in Embodiment 1. 

Except that this negative electrode was used, a 
secondary lithium battery was produced in the same 
manner as in Embodiment 1 and its charge<iischarge 
behavior was examined. 

These results showed that ttie battery according to 
ttie present invention is high in charge^lischarge cyde 
characteristics with little changes observed in discharge 
capacity witti charge-discharge cycles. The operating 
voltage off this battery is approximately 4 V, and tfie 
potential at ftie negative electrode of this battery is 
about ttie same as ttie lithium electrode potential, which 
indicates ttiat the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 
tion-dissolution reaction off metallic lithium. 

In the charge-discharge ounces, however, there was 
a change in shape in the segments not flat in ttie Initial 
and f inal stages which was considered to correspond to 
the doping reaction and the de^oping reaction of litti- 
lum Ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1. That Is, 
it is ttiought, because ttiere occun^ed an electrochemical 



reducing reaction of lithium ion conductive soHd electro- 
lyte represented by Uo sLao sTiOa instead of ttie doping 
reaction of Httiium fons into titanium oxide represented 
by formula (1). When the battery was disassembled 

5 after it was charged, it was fbund that ttie electrode layer 
fomied by UcsLacsTlOa turned deep blue, indicating 
ttiat UcsLao sTiOa changed from a non-electronic con- 
ductive solid electrolyte to an electronic-ionic mb(dd 
conductor as it was reduced electrochemically. 

10 After charging, ttie above-mentioned battery was 
disassembled, and ttie aoss sectfon of ttie negative 
electrode was examined under SEM. The results 
showed ttiat metallic littiium had deposited only 
between ttie second and first electrode conponents of 

IS the negative electrode and ttiat ttie deposition was not 
in tfie fomi off dendrite but high In conrpactness and flat- 
ness. 

As has been observed, it was found ttiat a second- 
ary littiium battery can be obtained aocoiding to ttie 
20 present invention which does not cause metallic littiium 
to grow in ttie fomi of dendrite though ttie deposition- 
dissdufion reaction of metallic littiium is utilized as reac- 
tion at ttie negative electrode. 

25 Embodiment 6 

Except ttiat LjNI02 was used as a positive electrode 
active material, a secondary littiium battery was made 
up In ttie same manner as in Embodiment 1 and its 
30 characteristics were examined. 

UNiOi was synttiesized by mixing nickel oxide 
(NiO) and titanium caitx)nate (IJ2CQ3) in a mole ratio of 
2 : 1, andttien heating ttie mixture in astreamof oocyaen 
ateoo^C. 

35 Except ttiat ttiis UNiO^ was used instead of 
UC0O2. a secondary littiium battery was made up in ttie 
same manner as in Embodiment 1 and its charge-dis- 
charge behavior was examined. But ttie final charging 
voltage was set at 4.1 V. 

^ These results showed ttiat ttie battery according to 
tfie present invention is high in charge-discharge cyde 
characteristics witti little changes observed In dscharge 
capacity witti chargoKJischarge cycles. The operating 
voltage of ttiis battery is approximately 3.9 V, and ttie 

4S reaction at ttie negative elecfrode of tills battery during 
charging and discharging is a deposition-dissolution 
reaction of metallic littiium. 

After charging, ttie above-mentioned battery was 
disassembled, and ttie cross section of ttie negative 

so electrode was examined under SEM. The results 
showed ttiat metallic lithium had deposited only 
between ttie second and first electrode conponents of 
the negative electrode and ttiat ttie deposition was not 
in ttie fami of dendrite but high in compadness and f lat- 

ss ness. 

As has been observed, it was found ttiat a second- 
ary Irttiium battery can be obtained accorcling to ttie 
present invention which does not cause metallic littiium 
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to grow in the form of dendrite though the deposition- 
dfesolution reaction of metalfic lithium ^ utilized as reac- 
tion at the negative dectroda 

Embodiment 7 

Except that IJMn204 was used as a positive elec- 
trode active material, a secondary lithium tiattery vwas 
made up in the same manner as in Embodment 1 and 
its characteristics were examined. 

LiMn204 was synthesized by mixing Dthium carbon- 
ate (IJ2CO3) and manganese acetate (Mn(CH3COO)2 
and heating the ntixture in the atmosphere at 750*. 

Except that this LiMn204 was used instead of 
LiCoO^, a secondary lithium battery was made up in the 
same manner as in Embodiment 1 and its charge<fis- 
charge behavior was examined. 

These results showed that the battery according to 
the present invention Is high in charge-discharge cyde 
charaderfetics with little changes obsoved in discharge 
capacity with chargeKfischarge cydes. The operating 
voltage of this battery Is approximately 4 V, and the 
potential at the negative electrode of this battery is 
about the same as the lithium electrode potential, which 
indicates that the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 
tion-dissolution reaction of metalHc lithium. 

After charging, the above-mentioned battery was 
disassembled, and the cross section of the negative 
electrode was examined under SEM. The results 
showed that metallic lithium had deposited only 
between the second and first electrode oonponents of 
the negative electrode and that the deposition was not 
in the form of dendrite but high In compactness and f lat- 
ne8& 

As has been obsen^ed, it was found that a second- 
ary lithium battery can be obtained according to the 
present invention which does not cause metalfic lithium 
to grow in the fbrm of dendrite though the deposition- 
dissolution reaction of metallic lithium is utilized as reac- 
tion at the negative electrode. 

Embodiment 8 

Except that a stainless steel foil was used as a first 
electrode component instead of the copper foil used in 
Embodiment 1, a secondary lithium battery was made 
up in the same manner as in Embodiment 1 and its 
characteristics were examined. 

These results showed that the battery according to 
the present Invention is high in charge<iischarge cyde 
charaderistics with frttie changes observed In discharge 
capadty witii charge^ischarge cydes. The operating 
voltage of this battery is approximately 4 V, and the 
potential at the negative electrode of this battery is 
about the same as the lithium electrode potential, which 
indicates that the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 



tforKfissolutfon reaction of metaUic lithium. 

After charging, the above-mentioned battery was 
disassembled, and the cross section of tiie negative 
electrode was examined under SEM. The results 
s showed that metallic lithium had deposited only 
between the second and first electrode components of 
the negative electrode and tfiat ttie deposition was not 
in the fomt of dendrite but high in conpacfness and flat- 
ness. 

^0 As has been obsen«d. it was found that a second- 
ary fithium battery can be dbtalned according to the 
present invention whidi does not cause metallic lithium 
to grow In the fonn of dendrite though the deposition- 
dissolution reaction <rf metaflic Irtftium is utiGzed as reac- 

15 tion at the negative electrode. 

Embedments 

Ejffiept that a nid®l fdl was used as a firet elec- 
20 frode component instead of the copper foil used in 
Embodiment 1, a secondary lithium battery was made 
in ttie same manner as in Embodiment 1 and its 
charaderistics were examined. 

These results showed that the battery according to 
25 the present invention is high in charge-dscharge cyde 
charaderfetlcs witti little changes observed In discharge 
capacity with charge^ischarge cycles The operating 
vdtage of ttis battery is approximately 4 V. and the 
potential at the negative electrode of ttils battery is 
30 about the same as the Whium electrode potential, which 
indicates that the reaction at tiie negative electrode of 
ttie battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic lithium. 

After charging, ttie above-mentioned battery was 
35 disassembled, and the cross sedion Of tfie negative 
eledrode was examined under SEM. The results 
showed ttial metaHic litfiium had deposited only 
between tfie second and first electrode components of 
tiie negative electrode and ttiat ttie deposition was not 

40 in the fomi of dendrite but high in conpacfness and flat- 
ness. 

As has been observed, ft was found ttiat a second- 
ary lltfiium battery can be obtained according to ttie 
present invention which does not cause metallic Ifthium 
45 to grow in ttie fomi of dendrite ttiough ttie deposition- 
dissolution reaction of metallic lithium Is ubUzed as reac- 
tion at ttie negative electrode. 

Embodiment 10 

so 

Except ttiat graphite was used as a first electrode 
component instead of the copper foil used in En*odi- 
ment 1 , a secondary fittiium battery was made up in ttie 
same manner as In Errtoliment 1 and its charaderis- 
!5 tics were examined. The details are hereinafter 
descnljed. 

Rrst a negative eledrode was prepared in ttie fol- 
lowing manner. 
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Graphite and a binder PVDF were blended in a mix- 
ing ratio of 95:5 by weight In N-methyl-2-p/roIi2idone 
(NMP). Mae NMP was then added to adjust the viscos- 
ity to prepare a slurry containing graphite and PVDF 
This slurry was coated over the cun^ent collector copper 
fc»l by doctor blade technique, and then dried In hot air 
at 80*C to form a first electrode component On this first 
electrode component was then fbnned a second elec- 
trode component comprised mainly of the electronic- 
ionic mixed conductor titanium oxide in the same man- 
ner as Embodiment 1. A disk 16.5 mm in diameter was 
punched out of the electrode thus obtained and was 
used as a negative electrode for the secondary lithium 
battery. But the content of graphite in the negative elec- 
trode was 20 mg. 

Except that the negative electrode thus obtained 
was used, a secondary IHhIum battery was made up in 
the same manner as in Embodiment 1 and its charge- 
discharge behavior was examined. 

TTiese results showed that the battery according to 
the present invention is high in charge^ischaige cyde 
characteristics with little changes observed In discharge 
capadty with charge-discharge cycles. The operating 
voltage of this battery is approximately 4 V. and the 
potential at the negative electrode of this battery is 
about the same as the lithium electrode potential, which 
indicates that the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic lithium. 

In the charge-discharge curves, however, there was 
a change In shape in the segments not flat in the imtiaJ 
and final stages which was considered to con'espond to 
the doping reaction and the de-doping reaction of lith- 
ium ions into and from titanium oxide represented Ijy 
formula (1) as was observed In Embodiment 1. That is. 
It is thought because there occun-ed a reaction for lith- 
ium ions to be doped into the layers of graphite repre- 
sented by formula (4) in addition to a reaction for lithium 
ions to be doped into titanium oxide represented by tbr- 
mula (1) at the second electrode component of the neg- 
ative electrode. 



Embocfimentll 



Cs + xU^ + xe'-^CeUx 



(4) 



After charging, the atxsve-mentioned battery was 
disassembled, and the cross section off the negative 
electrode was examined under SEM. The results 
showed that metallic lithium had deposited only 
between the second and first electrode coirponenls of 
the negative electrode and that the deposition was not 
in the fomft of dendrite but high in compactness and flat- 
ness. 

As has been obsen^ed. it was found that a second- 
ary lithium battery can be obtained according to the 
present invention which does not cause metallic lithium 
to grow in the form of dendrite though the deposition- 
dissolution reaction of metallic lithium is utilized as reac- 
tion at the negative electroda 



In «ie present embodiment a soTKl-stato secondary 
lithium battery was made up using lithium-doped tita- 
5 nium oxide (UxTiOg) as an electronic-Ionic mixed con- 
ductor as in Embodiment 1 and a lithium-ion conductive 
Qxysurrie glass represented by 0.01 U3PO4 - 0.63 UgS 
-036 Si^ as a lithium ton conductive electrolyte. The 
details are hereinafter desafoed. 
10 Rrst a mum fon conductive oxysuttide glass reo- 
resented by 0.01 Lj3P04 - 0.63 UgS - 0.36 SiS, 
syntfte^ed. Lithium phosphate (U3PO4), lithium sulfrie 
(L^S) and silicone sulfide (SlSg) were blended in a mole 
ratiooff 0.01 : 0.63 : 0.36, and the mixture was then 
IS placed m a glassy carbon crudble. The crudUe was 

heated to 950«C in a stream of argon so that the mixture 
was in a molten state. After tw hours, the melt was 
dropped between twin roHers and quenched to obtain a 

on 

20 0.01 U3PO4- 0.63 U2S- 0.36 SiSg. 

A powder of the solid electrolyte ttius obtained and 
crushed and the anatase-type titanium oxide as an elec- 
fronic-ionic mixed conductor as in Embodiment 1 were 
blended in a ratio of 4 : 6 by weight to produce a mate- 
^ rial for a second electrode component of ttie negative 

** "^"^ electrode. UCoOa obtained in 
- femtxxliment 1 and the above-mentioned solid electro- 
lyte powder were blended in a ratio of 6 : 4 by weiaht 
30 and this mixture was used. ywaani 

A secondary lithium battery with a cross section as 
shown in Rg. 10 was made up using the above positive 
negative electrodes and electrolyta In Rg. io. the refer- 
ence number 11 indicates a stainless steel sealing 
35 plate, which is also the first electrode component of the 
negative electroda The reference number 12 is a sec- 
ond electrode component of the negative electrode 
made of a mixed l^er of titanium oxide and the solid 
electrolyte powder obtained abova Three iayere - the 

« second eleclrode component 12. solid electroMe layer 
13 and positive electrode 14 - are compressed into one 
pieca 15 is a stainless steel battery casa and 16 is a 
.gasket 

The nhlum battery thus obtained was subjected to 
4S a charge-discharge cycle test at a constant current of 5 
mA within a voltage range between 2.5 V and 4 2 V. 

"Hiese results showed that the battery according to 
Bie present invention is higfi in chargoKlischarge cycle 
Characteristics with litHe changes observed in dscharge 

» capacity with chargedischarge cycles. The operating 
voltage of this battery is approximately 4 V. and the 
potential at the negative electrode of this battery is 
atoutthe same as thelHhium electrode potential, which 
indicates that the reaction at the negative electrode of 

« the battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic lithium. 

After charging, the above-mentioned battery was 
cut up. and the cross section of the negative electrode 
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was examined under SEM. The results showed that 
metalDc lithium had deposited only between the second 
and first electrode conponents of the negaiivs elee- 

tjode and that the deposition was not in the tbrm of den- 
dnte txjt high in compactness and flatness. 

As has tjeen otserved. it was found that a second- 
ary nthium battety can be obtained according to the 
present invention which does not causa metdGc Gthium 
to grow in the form of dendrite though the deposition- 
dissolution reaction of metaOlc lithium is utOized as reac- 
tion at the negative electiod& 



Comparalhw Example 2 

In the present comparativa example^ a solid-state 
secondary Gthium battery was made up without using 
ttie eledronicsonic mixed conductor titanium oxide 
doped with lithium in Embodiment 11. The details are 
hereinafter desaibed. 

Except that a stainless steel spacer was inserted 
instead of the second electrode component 12 in Rg. io 
in Embodiment 1 1 , a solid-state secondary lithium bat- 
tery was produced In the same manner as Entodiment 

These results showed that the charg»<iischarge 
efficiency (ratio of the quantity of elecMdty discharaed 
to the quantify of electrnily charged) in chaige-dis- 

cfiarge cyde was not higher than 90 % and that there 
was observed an irregularity in the charge-discharge 
cuwe as the chargenlischarge cycle was repeated the 
irregularity seemingly attnbutable to a short-drcuit phe- 
nomenon within the battery. 

It is surmised from those results that in the solid- 
slate secondary battery In the present comparative 
example, lithium deposited in the fomi of dendrite in 
charging which could not conpletely discharge and that 
an internal short-circuit occun-ed within the battery as 
the charge-discharge cyde was repeated. 

In the embodiments, lithium ion-doped titanium 
oxide, tungsten oxide and others were used as a transi- 
tion metal oxide to Ibmi a second electrode conponent 
of the negative electrode: the same results can be 
obtained by using other transition metal oxides induding 
rutile type titanium oxide, niobium oxide^ mdybdenum 
fflode. iron oxide, cobalt oxide, nidol oxida manganese 
OMd^ complex oxides of those transition metal oxides 
with lithium, or those fransifion metal oxides doped with 
sodium ions, potassium ions etc. Alsoi as a lithium ion 
conductive sdid electrolyte making ip the second elec- 
trode conponent. other than those desaibed in the 
embodiments can be used wHh identical results- they 
indude Uj^^T1^^P04)3 and Uo.„xSii^ s^xTIOj. To 
develop electronic-lithium ionic mixed conducBvity. fur- 
thermore, it is possible to combine the electrortc 'oon- 
ductor and the Bthium ion conductor,in whidi case 
lithium nitride can be used as lithium ion conductor; and 
It IS understood that the present invention Is not limited 
by the materials described in the embodiments as mate- 



rials to make the second electrode omponent 

h the embodiments, m^alfic copper, stainless steel 
ete. were used as materials to make up the fast eleo- 
frale conponent of the negative electrode, but the 
s same results can be djtained with other materials like 
pure iroa metalDc lithium, indium and aluminum: it is 
unde^ood that the present nvention is not Gmited by 
the materials described in the embodiments as materi- 
als to make up the first electrode conponent 

^/'^'"*«**«"™**adescripfionwasmade 
ofthe secondary Bthium batteries with lithium cd»K 
oade. lithium nidel oxide etc. as positive electrode 
adive materials, but it goes without saying that similar 

« ones not mentioned in the 

IS embodiments induding vanadium axUe and lithium 
nidffll vanadium oxide: H is understood that the present 

batteries 

using the positive electrode active materials descra)ed 
in the embodiments. ««>wHwa 

» Alsa the embodiments descrtt)e the secondary lith- 
ium batteries using sudi nthium ion condudive electro- 
as one prepared by dissdving UPFg in a mixed 
solvent of propylene caribonate and dimethoxyethane- it 

« S^nSS^ f*^ ^ '"^"^ can be 

ss Obtained With electrolytes prepared with such sipport- 
ing eledrolytes other than the ones described in the 
embodiments as UCIO4 and UBF4 or dedrolytes pre- 
pared with ethylene carbonate and other solvents than 
Jirj!f***«="^'"*««™bodiments. As lithium ion 

30 conductive solid eledrdytes. too. other than those 
dKcrtoed in the embodiments can be used with identi- 
cal results, the other eledrolytes including other inor- 
ganic sofid eledrdytes and pdymar solid electrolytes 
I'te UaCWJaS-SiSz. LfeS-SiSa. Ul-UaS-SiS,. Li,S-P^ 

3s and UaS-BaSa: it is to be understood th« the pre^ 
inventon is not Hmited to the secondary lithium batteries 
using the electrolytes described in the embodiments. 

As descrbed, the present invention can provide a 
secondary lithium battery with a high energy density of 

*) whrehtheeledrodereadlonatthenegativeeledrodeis 
adissdubonHtepositkm readion of metellic lithium free 

wm causing metelBc lithium to grow in the tbmi of den- 
dnte. 

Although the present inventon has been descrtoed 
« '"terms of the presently preferred embodimente.it is to 
be understood that sudi disdosure is not to be inter- 
preted as Hmiting. VWous alterations and modifications 
Mil no doiijt become apparent to those skilled in the art 
™ LlUT' *!.P'*^ "^ertion pertains, after having 
Tf^^ disdosure. Accordingly, it is intended 
that the appended daims be interpreted as covering all 
alterations and modifications as fall within the toie spirit 
and scope of the invenbon. 

55 Claims 

1. Asecondarylithiumbatteryconprisingalithiumton 
conductive eiedrolyte. a positive eledrode and a 
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negative electrode in contact wHh said electrolyte, 
.wherein said negative electrode has a first elec- 
trode conponent where a d^ition-dissolutlon 
reaction of metallic lithium will take place during 
changing and discharging and a second electrode 5 
component to prevent metalfic lithium from being 
deposited in the form of dendrite. 

2. The secondary lithium battery in accordance with 
daim 1 . wherein said first electrode conponent has 10 
electronic conductivity and is electrically connected 

to a terminal of the negative electrode, and said 
second electrode conrponent has electronic-ionic 
mixed conduction. 

- _ IS 

3. Ihe secondary lithium battery in accordance with 
daim 1, wherein said first electrode component is 
electronic conductive and is electrically connected 
to a terminal of the negative electrode, and said 
second electrode conponent is semiconductive. 20 

4. "nie secondary lithium batteries in accordance with 
claim 1 , wherein said second electrode conponent 
is fbmried on said first electrode conponent- 

2S 

B, The secondary lithium battery in accordance with 
claim 2. wherein the electronic conductivity off said 
second electrode component is lower than the elec- 
tric conductivity of said electrolyte. 

30 

6. The secondary lithium battery in accordance with 
claim 5. wherein the electronic conductivity at room 
temperature of said second electrode component is 
not higher than 5xlO'^S/cm. 

35 

7. The secondary lithium battery in accordance with 
daim 2, wherein the transport number of electron of 
said second electrode component is lower than the 
transport number of litiiium ion. 

40 

a The secondary lithium battery in accordance with 
daim 1. wherein said second electrode conponent 
comprises a material selected from the group con- 
sisting of transition metal oxides, transition metal 
sulfides, and lithium ion conductive electrolytes. 4s 

9. The secondary lithium battery in accordance with 
daim 1. wherein said second electrode component 
comprises a semiconductive material having a 
bandgapof 1 eVtoSeV. so 

1 0. A secondary lithium battery comprising a lithium ion 
conductive electrdyte. a positive electrode and 
negative electrode in contact with said electrolyte, 
wherein said negative electrode has a first elec- ss 
trode conponent which Is comprised of an elec- 
tronic conductive material and is electrically 
connected to a terminal of the negative electrode 



and a second electrode component which is com- 
prised of an electronic-ionic mixed conductive 
material. 

11. A secondary lithium battery conprising a litiiium ion 
conductive electrolyte, a positive electrode and 
negative electrode in contact with said electrolyte 
wherein said negative electnxle has a first elec- 
trode component which is comprised of an elec- 
tronic conductive material and is electrically 
connected to a tenninal of the negative electrode 
and a second electrode component which is com- 
prised of a semiconductor material. 
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